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INTRODUCTION
Wood deteriorates rapidly from a variety of different biotic processes when exposed to moderate environmental conditions. In situations of environmental extremes, however, such as a dry tomb chamber buried beneath rock or soil, wood decomposition is impeded. Archaeological wood that has survived exceedingly long periods of time may have been protected from the most aggressive wooddestroying fungi, but inevitably some abiotic or biotic deterioration takes place. While the deterioration and conservation of waterlogged wood have been the focus of much study, until recently far less attention has been given to archaeological wood from dry environments. Understanding the mechanisms of deterioration as well as the condition of the artifact at the ultrastructural level makes it possible to tailor treatment, physical supports, and environmental conditions most appropriate for the long-term preservation of archaeological woods. In addition, information on the decay present can provide insights into past microbiological events as well as past physicochemical and environmental conditions of the site. Different abiotic and biotic forms of deterioration result in distinct changes within wood cells (Blanchette et al. 1990 Blanchette et al. 1991b ). Abiotic factors are also responsible for degrading wood, but our knowledge of these processes is meager due not only to the long time period required for significant degradation to become apparent but to the masking effects of the ever-present microbial population. In a study of wood from the high Arctic that had been buried or frozen for 20-60 million years, microorganisms were found to be excluded but deterioration was still evident (Blanchette et al. 1991a; Obst et al. 1991) . A slow acid hydrolysis has been postulated that gradually degraded cell wall carbohydrates and modified residual lignin. In situations where wood is in contact with high concentrations of acid or alkaline compounds, deterioration may be substantial even after a few decades (Blanchette et al. 1991b; Parameswaran 1981 Many wooden cultural properties from ancient Egypt have been preserved for thousands of years in extraordinarily good condition. Wood fragments from various objects have been used in past research to identify wood species and to detect changes that may have occurred in the wood. In these studies, the macroscopic structure of the wood samples selected for study was sound and appeared intact (Borgin et al. 1975; Nilsson and Daniel 1990) . No microbial degradation was found by Borgin et al. (1975) , but mechanical damage to the wood cell walls was evident. Separations within the secondary walls and fractures in middle lamellae were observed. In the study by Nilsson and Daniel (1990) of wood samples from ancient tombs, a weakening of the wood revealed by cracks and delamninations within cell walls was observed in one sample; however, the source of this deterioration was not identified. In another sample, a soft rot form of fungal degradation was evident within the secondary wall layers of the wood cells.
Observations of wooden artifacts in museum collections of ancient Egyptian art clearly demonstrate that not all wooden objects are in good condition. Many cultural properties have substantial deterioration. In a preliminary study, objects that appeared to display different stages of decay were selected for ultrastructural examination (Blanchette et al. 1991b In our study we examined a large number of different wooden objects from the collections of ancient Egyptian art in the Museum of Fine Arts, Boston, and the Metropolitan Museum of Art, New York, that displayed visual evidence of deterioration. Ultrastructural observations were used to determine the type of decay that was present, evaluate the current condition of the wood, and provide general knowledge of deterioration common to woods found in dry archaeological sites. The results presented here should serve as a guide for types of decomposition that can be expected in woods from similar environments. . la-c) . This area contains large concentrations oflignin, and since KMnO4 (a compound that reacts with lignin resulting in an electron dense stain) was used to fix the wood, this area appears most electron dense. The secondary wall consists of three layers commonly referred to as the S1, S2, and S3 ( fig. la-c) . The S2 layer of fibers and tracheids contains the greatest amounts of cellulose along with some lignin and is the largest layer. In fiber-tracheids of boxwood, the S2 layer is exceedingly thick (fig. 1c ).
EXPERIMENTAL METHODS

Cultural
GENERAL OBSERVATIONS OF WOODEN CULTURAL PROPERTIES
Objects made from wood are well represented in museum collections of ancient Egyptian art. Statues, coffins, furniture, and other cultural properties have been found in ancient tombs in remarkably good condition considering they have been buried for thousands of years. Deterioration, however, is common among these objects, and it is rare to find wooden cultural properties that are totally free of decay. In many collections, the true condition of artifacts may be masked by materials such as wax initially used to facilitate their removal from burial environments, or by early restoration techniques designed to improve the aesthetic appearance of the object for display purposes. Only limited study has been initiated on the effects of some of these treatments on the condition of ancient woods (Hatchfield and Koestler 1987 . 2b ). The unaltered statue allows an evaluation of the events that influenced the deterioration and provides the opportunity to learn more about the aging process of wood, microbial interactions, and the past physical environment of the tomb. Many objects we examined had advanced decay, whereas others had decay that was restricted to the surface or found in localized areas of the wood ( fig. 3) . The deteriorated remains ofgesso and paint are also present on many objects ( fig. 2a-b) .
NONBIOLOGICAL DETERIORATION
Samples of wood taken from the outer surfaces of many objects were found to have wood cells that displayed numerous cracks and fractures within cell wall layers. Separations were frequent within the compound middle lamella region (fig. 4) . This electron dense region between cells appeared granular and lacked integrity. In some cells with alterations, the middle lamella was extensively fragmented, and secondary walls were detached from adjacent cells (fig. 4b) . Observations of detached cells showed remnants of the middle lamellae adhering to the S1 region of the secondary wall. Cracks and separations were also evident in secondary wall regions. The separations often formed large voids in the wall or occurred in a parallel series of small separations within the S2 layer. Extraneous materials were frequently observed in cell lumina ( fig. 4a-b Decay by white rot fungi did not occur since no evidence of fungal hyphae or other characteristics of wood decay by white-rotters was evident. In addition, the conditions of these burial sites containing limestone and alkaline pH conditions are not conducive to fungi in the class Basidiomycetes that cause a white rot (Blanchette et al. 1990 ). It is unlikely that these objects were exposed to ultraviolet radiation in amounts that would induce photo-oxidation processes. The most plausible explanation for this deterioration appears to be chemical reactions occurring when wood is in contact with limestone, gesso, or various salts over long 
Fig. 4. (below) Transmission electron micrographs of transverse sections from the mask from a coffin lid (A) and (C) (MFA 01.7431, see fig. 3.A-B) and bed leg (B) (MFA 13.2.781), showing a nonbiological form of deterioration that affected the exterior portions of the wood. (A) and (B) Delaminated wood cells with cracks and fissures in the middle lamella (ML) region. Large voids are present in cell corners (CC). Cell walls appear swollen and have separations within the secondary wall layers (S). Parallel series of separations appear within the expanded S2 layer (arrows). Extraneous material is evident, partially filling the cell lumina (*). (C) Affected cells detach from adjacent cells with remnants of degraded middle lamellae (ML) adhering to the secondary walls (S)
(
BIOLOGICAL DEGRADATION
In addition to areas of limited surface deterioration, many objects had extensive degradation throughout large areas of the wood ( figs. 1-2) . Macroscopically, the degraded wood appeared brown with little integrity remaining. Sections made from the various degraded objects showed that cell walls were decayed by fungi. Two distinct forms of decay were evident. Some objects had decay with characteristics of soft rot, whereas others were decayed by brown rot fungi.
SOFT ROT
Decay by soft rot fungi can be identified by the presence of longitudinal cavities that occur within the secondary wall layers of wood cells (Blanchette et al. 1990; Eriksson et al. 1990 ). In transverse sections, the cavities appear as round holes within the cell walls. In some of the wood samples examined, a typical soft rot form of decay was evident. Numerous holes were observed within the secondary walls, with remnants of fungal hyphae present within the cavities ( fig. 5a-b ). An electron dense area was observed around the cavities within the walls (fig. 5c ). Cells with relatively few small diameter cavities represented early stages of decay ( fig. 5a ), whereas cells with numerous holes throughout the secondary wall represented late stages ( fig. 5b-d) . Holes within secondary walls often coalesced, forming large voids ( fig. 5d ). The middle lamella was occasionally disrupted. Cells with advanced soft rot lost much of their integrity, and the wood was extremely weak. Soft rot, when it has advanced to this stage of degradation, has removed most if not all of the woods' original strength properties (Hoffmineyer 1976 ).
An unusual form of soft rot was evident in one object (MMA 27.9.5). Cavities did not form in the thick layer of the secondary wall but were located within the innermost regions of this layer ( fig. 5e-f) . The thick secondary wall occasionally had small penetration holes ( fig. 5f ), but even after advanced soft rot, this part of the cell wall resisted decay. These cells appear to have characteristics common to tension wood. Tension wood is formed on the upper surface of leaning hardwood trees but can also occur in nonleaning tropical trees ( 
BROWN ROT
Not all objects with extensive degradation were decayed by soft rot fungi. Observations made from sections of several other objects were found to be degraded by brown rot fungi. Wood cell walls from the decayed samples sustained a general loss of wood integrity, causing secondary walls and middle lamellae to appear swollen, porous, and distorted ( fig. 6a-c) . In cells with advanced decay, secondary cell walls disintegrated into a granular mass of residual wall material (fig. 6d) . The cell corner regions of the middle lamellae remained relatively intact, but the zone of middle lamella between cells was severely disrupted ( fig. 6c-d) . In many areas of the wood, the cell walls fragmented into minute particles that filled cell lumina. Remnants of fungal hyphae were present in all woods examined.
Brown rot fungi cause a diffuse depolymerization of cellulose in wood, resulting in significant strength losses during incipient stages of decay (Blanchette et al. 1990 ). As decay progresses, polysaccharides are degraded, leaving residual wall material that consists primarily of modified lignin. The cell walls of brownrotted wood have poor integrity, and wood can be easily crushed to a dustlike powder. This type of decay raises serious concerns for removing the object from the burial site without damage and for identifying proper conservation methods needed to stabilize the wood. Earlier in the century, archaeologists and conservators had few means of assessing damage to artifacts other than visual examination, and used the best materials and technology available in their efforts to preserve them. Opinions were, as they are today, strong about the expected appearance Wood decayed by brown rot fungi was frequently encountered in the archaeological wood examined from ancient Egypt. Moisture is essential for brown rot to occur and had to have been present in sufficient quantities for decay to progress to the advanced stages observed. Excavation photos indicate that the most severe decay was located in wooden objects in contact with the tomb floor or along walls (Zayed 1956 ). These sites of moisture accumulation may have occurred relatively soon after the tomb was closed and when propagules of brown rot fungi were still viable. Evidence of termites and other insects in some burial sites suggests the possibility that decay fungi could be introduced at later times by insects that entered the tomb and disseminated the brown rot fungi. 
CONCLUSIONS
The results from this study demonstrated that different forms of deterioration are prevalent in wood from archaeological sites in Egypt. Each type of decay has distinct morphological characteristics that enable identification by comparing them to model examples of decay processes. Additional information obtained during investigations that focus on physicochemical environmental factors may help to associate the different types of deterioration with specific
